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The	global	 increase	 in	 the	proportion	of	 land	 cultivated	with	pollinator‐dependent	
crops	 implies	 increased	 reliance	 on	 pollination	 services.	 Yet	 agricultural	 practices	
themselves	can	profoundly	affect	pollinator	supply	and	pollination.	Extensive	mon‐





tural	 pollinator	 dependence	over	 recent	 decades	might	 have	 led	 to	 a	 concomitant	
increase	in	agricultural	diversification.	We	evaluated	whether	an	increase	in	the	area	





and	 it	 has	 also	 become	 increasingly	 pollinator	 dependent	 (Aizen,	
Garibaldi,	Cunningham,	&	Klein,	2008;	Aizen	&	Harder,	2009).	This	
latter	 trend	can	be	attributed	to	 the	agricultural	expansion	of	polli‐
nator‐dependent	 crops,	 which	 include	 most	 oilseed,	 nut,	 and	 fruit	
crops,	with	a	far	lower	rate	of	expansion	of	crops	not	dependent	on	
pollinators,	which	 include	basic	 staple	crops	 such	as	cereals	 (Aizen,	
Garibaldi,	Cunningham,	&	Klein,	2009).	However,	one	of	the	ultimate	
causes	for	the	increase	in	agricultural	pollinator	dependency,	a	trend	






expansion	 rates	 to	 respond	 to	 growing	market	 demands	 compared	
to	nondependent	crops	 (Aizen,	Garibaldi,	Cunningham,	et	al.,	2009;	







Arbetman,	 Cameron,	 &	 Aizen,	 2013;	 Ratto	 et	 al.,	 2018).	 As	 a	 con‐







pollen	and	nectar	 (Deguines	et	 al.,	 2014).	However,	 although	 fields	
intensively	cultivated	with	pollinator‐dependent	crops	can	represent	
a	cornucopia	of	food	for	both	managed	and	wild	bees	and	other	pol‐
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habitat	heterogeneity	and	temporal	availability	of	food	resources,	a	





Even	 though	 pollinator‐dependent	 crops	 account	 for	 less	 than	






diversification.	 Agricultural	 diversification,	 in	 terms	 of	 crop	 diver‐
sity,	can	involve	both	the	global	cultivation	and	commercialization	of	
novel	crops	previously	cultivated	at	regional	and	local	scales,	which	
would	 increase	 crop	 richness,	 and	 the	 expansion	 of	 commercially	
cultivated	minor	crops,	which	would	increase	crop	evenness	in	terms	
of	how	total	agriculture	area	 is	partitioned	among	different	crops.	
An	alternative	possibility	 is	 that	an	 increase	 in	agricultural	pollina‐
tor	dependence	has	contributed	little	to	agricultural	diversification.	
This	should	be	the	case	if	the	significant	increase	in	global	cultivated	





To	evaluate	 these	 alternatives,	we	 assessed	 changes	 in	 agricul‐





expansion,	 pollinator	 dependence	 of	 agriculture,	 and	 agricultural	




the	 country	 level,	 testing	 also	 for	 regional/continental	 differences	
in	 these	 trends.	 By	 addressing	 and	 comparing	 trends	 and	 rates	 of	




risk	due	to	a	 lack	of	an	 increase	or	even	a	 reduction	 in	agricultural	
diversification.
2  | MATERIAL S AND METHODS
The	 Food	 and	 Agriculture	 Organization	 of	 the	 United	 Nations	
(FAO)	 gathers	 annual	 information	 on	 crop	 cultivation	 (including	
area,	production,	 and	yield)	 at	 the	global	 and	country	 levels	 for	
114	 crops	 for	which	 there	 is	 also	 information	 on	 pollinator	 de‐
pendence.	Here,	we	focus	exclusively	on	data	for	cultivated	area	
(actually	reported	as	harvested	area)	for	all	these	crops	from	1961	
to	2016	 (FAOSTAT,	2018).	Crops	 included	 in	our	dataset	collec‐
tively	 accounted	 for	 95.6%	 and	 94.3%	 of	 the	 total	 agriculture	
area	 in	1961	and	2016,	 respectively.	Although	most	crops	were	
represented	by	single	species	or,	 in	a	few	instances,	by	varieties	
of	 the	 same	 species	 cultivated	 in	 different	 places,	 or	 harvested	
green	 or	 dry	 or	 for	 different	 parts,	 some	 were	 represented	 by	
a	 grouping	of	 taxonomically	 related	 species	 (Aizen	 et	 al.,	 2008;	
Aizen,	Garibaldi,	Cunningham,	et	al.,	2009;	Klein	et	al.,	2007;	see	
Appendix	S1).	In	this	study,	we	followed	FAO's	original	crop	clas‐
sification	 and	 considered	 each	 reported	 crop	 or	 crop	 item	 as	 a	
separate	unit	to	minimize	potential	miscategorization.
Crops	were	characterized	according	to	the	extent	to	which	bi‐




nondependent	 if	 it	 is	pollinated	either	abiotically	 (wind)	or	auto‐
gamously	(self‐fertilizing),	or	cultivated	solely	for	vegetative	parts	
(leaves,	 stems,	 tubers,	 etc.).	 This	 latter	 category	 includes	 crops	
like	 onions,	 potatoes,	 and	 other	 vegetables	 for	 which	 pollina‐




(2007),	 crops	were	 further	classified	 into	 five	classes	of	pollina‐
tor	 dependence	 based	 on	 the	 percent	 reduction	 in	 production	
(i.e.,	decreased	 fruit	or	 seed	set	or	weight)	when	pollinators	are	
excluded	 experimentally	 from	 flowers.	 These	 include	 one	 non‐
dependent	 category,	 “none”	 (i.e.,	 no	decrease	 in	 yield),	 and	 four	
dependent	categories:	 “little”	 (yield	reduction	between	>0%	and	
≤10%),	 “modest”	 (between	 >10%	 and	 ≤40%),	 “high”	 (between	
>40%	and	≤90%),	and	 “essential”	 (>90%).	Although	we	reviewed	
more	 recent	 literature,	 we	 adopted	 the	 well‐accepted	 depen‐
dence	values	listed	in	Klein	et	al.	 (2007)	to	facilitate	direct	com‐
parisons	with	 other	 studies	 (e.g.,	 Aizen,	 Garibaldi,	 Cunningham,	
et	al.,	2009;	Lautenbach	et	al.,	2012).	The	dataset	of	Klein	et	al.	
(2007)	includes	the	most	comprehensive	compilation	of	pollinator‐ 









pendent	 crops	 with	 agricultural	 diversification,	 we	 considered	
the	proportion	of	the	entire	agricultural	area	cultivated	with	pol‐
linator‐dependent	 crops	 as	 a	 measure	 of	 agricultural	 pollinator	
dependence,	 including	 in	 this	group	all	 crops	 from	the	 “little”	 to	





Globally	 and	 for	 individual	 countries,	we	 estimated	 the	 total	
agricultural	 area	 and	 agricultural	 pollinator	 dependence	 as	 the	
proportion	of	area	under	pollinator‐dependent	crops,	on	a	yearly	
basis	from	1961	to	2016.	We	also	estimated	crop	diversity	as	the	















ing	 0	 when	 most	 area	 is	 devoted	 to	 the	 cultivation	 of	 just	 one	
crop	and	equaling	1	when	all	cultivated	crops	occupy	equivalent	
area	 (Aizen,	Garibaldi,	 &	Dondo,	 2009).	Here,	we	 analyzed	 crop	
diversity	(eH′)	and	its	two	components,	crop	richness	(S)	and	crop	
evenness	 (J).	 Although	we	 refer	 to	 changes	 in	 crop	 diversity	 as	
trends	in	agricultural	and	crop	diversification	interchangeably,	we	
recognize	that	agricultural	diversification	is	a	more	encompassing	
term	 than	 crop	diversification,	 as	 the	 former	 includes	 additional	
aspects	 related	 to	 land	 management	 and	 habitat	 heterogeneity	
(e.g.,	 Sardiñas	&	Kremen,	 2015;	 Sunderland	&	 Samu,	 2000)	 that	
are	associated	but	not	considered	explicitly	by	the	latter	term.
In	addition	to	assessing	global	 temporal	 trends	 in	 total	agricul‐
tural	 area,	 agricultural	 pollinator	 dependence,	 crop	 diversity,	 rich‐
ness,	 and	 evenness,	 for	 each	 country,	 we	 estimated	 the	 average	
annual	growth	rate	(%/year)	for	each	of	these	variables	(x)	between	









. 	 Because	 several	




Ethiopia	 PDR	 (Ethiopia	 +	 Eritrea);	 Sudan	 (South	 Sudan	 +	 Sudan);	
USSR	(Azerbaijan	+	Belarus	+	Estonia	+	Georgia	+	Kazakhstan	+	Kyr
gyzstan	+	Latvia	+	Lithuania	+	Republic	of	Moldova	+	Russian	Feder






















fect	 linear	models	 (Zuur,	 Ineo,	Walker,	 Saveliev,	&	 Smith,	 2009),	




dependence	 on	 annual	 growth	 rate	 in,	 alternatively,	 crop	 diver‐
sity	 (Δ	 diversity),	 crop	 richness	 (Δ	 richness),	 and	 crop	 evenness	
(Δ	evenness).	Because	variances	were	suspected	to	differ	among	









significant	 differences	 between	 regions	 using	 the	 contrast	 func‐
tion	of	R's	lsmeans	package	(Lenth,	2016).
Finally,	 we	 identified	 countries	 and	 regions	 where	 agricultural	
productivity	 and	 stability	 could	be	 at	 risk	due	 to	 growth	 in	 either	
agricultural	area	or	pollinator	dependence	outpacing	growth	in	agri‐
cultural	diversification.	For	each	of	the	127	countries,	we	considered	









Globally,	 total	 agricultural	 area	 increased	 40.6%	 from	 1961	 to	
2016	 (Figure	 1),	 which	 in	 absolute	 terms	 represents	 an	 increase	
of	3.8	×	106	km2	 in	cultivated	 land,	 including	also	cumulative	area	
due	to	multiple	harvests.	The	aggregate	area	cultivated	with	crops	
not	 dependent	 on	 pollinators	 increased	 by	 only	 17.3%,	 whereas	
the	 area	 cultivated	 with	 pollinator‐dependent	 crops	 expanded	 by	
136.9%	(91.4%,	163.3%,	177.5%,	and	117.7%	for	crops	in	the	little,	
moderate,	high,	and	essential	categories	of	pollinator	dependence,	








been	 the	 consequence	 of	 rapid	 growth	 in	 the	 cultivated	 area	 of	
pollinator‐dependent	 crops	 (Appendix	 S1).	 Sixteen	 of	 the	 20	 (i.e.,	
80%)	fastest	expanding	crops	are,	to	varying	degrees,	pollinator	de‐
pendent,	whereas	only	 six	 of	 the	20	 (i.e.,	 30%)	 slowest	 expanding	
crops	are	pollinator	dependent	(G‐test	of	 independence,	G1	=	8.18,	
p	 =	0.004).	On	average,	 the	 area	 cultivated	with	pollinator‐depen‐
dent	crops,	in	all	four	categories	of	pollinator	dependence,	expanded	
faster	 than	 that	 of	 nondependent	 crops	 (Figure	 S2).	 Despite	 not	
being	 included	 among	 the	 fastest	 expanding	 crops,	 because	 they	
were	 already	 cultivated	 over	 sizable	 areas	 in	 1961	 (Appendix	 S1),	
some	pollinator‐dependent	oilseed	crops	 like	 soybean,	 canola,	 and	
oil	palm	(Figure	S2)	were	responsible	for	much	of	the	observed	global	
agricultural	expansion	and	increase	in	pollinator	dependency.
Global	 crop	 diversity,	 as	 estimated	 by	 the	 effective	 number	 of	
crops,	 increased	20.5%	between	1961	and	2016	 (Figure	1).	This	 in‐





leveling	off	 thereafter,	 at	 the	 same	 time	 that	 total	 agricultural	 area	
started	to	 increase	at	a	faster	rate	 (Figure	1).	Therefore,	changes	 in	
crop	diversity	after	2000	were	largely	decoupled	from	changes	in	total	
agriculture	 area	 and	 in	 pollinator	 dependence	of	 global	 agriculture,	
which	has	shown	a	steady	increase	since	the	late	1970s	(Figure	1).
3.2 | Regional and country‐level patterns
The	 relationship	 between	 the	 change	 in	 agricultural	 area	 and	 pol‐
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In	 contrast	 to	 European	 countries,	 countries	 in	 other	 regions	
of	 the	world	 exhibited,	 on	 average,	 increased	 crop	diversification,	
with	 differences	 among	 regions	 mainly	 reflecting	 differences	 in	
crop	evenness	rather	than	crop	richness	 (Figure	2).	However,	crop	
















of	 nondependent	 crops	 by	 dependent	 crops	 (Figure	 2).	 Although	
the	cultivation	of	new	crops	was	 linked	to	both	high	rates	of	agri‐
cultural	expansion	and	pollinator	dependence	at	the	country	 level,	
these	 variables	were	 unrelated	or	 even	negatively	 related	 to	 agri‐
culture	diversification	because	of	a	negative	or	lack	of	influence	on	
crop	 evenness,	 respectively	 (Figure	 4).	 In	 particular,	 countries	 like	
Argentina,	Brazil,	USA,	France,	Germany,	and	Malaysia	showed	 in‐
creased	 dependence	 on	 pollination	 but	 decreased	 agricultural	 di‐
versity	 (Figure	 3).	 Therefore,	 regional	 and	 country‐level	 analyses	
provide	little	support	to	the	hypothesis	that	agricultural	 increasing	
pollinator	dependence	has	fostered	agricultural	diversification.
Vulnerability	 indicators,	which	 compare	 the	 potential	 negative	
effects	of	 increasing	agricultural	area	and	 increasing	pollinator	de‐
pendence	 with	 the	 positive	 effect	 of	 agricultural	 diversification,	
provided	 an	 integrative	 perspective	 of	 the	 observed	 geographical	
heterogeneity	(Figure	5).	Both	vulnerability	indicators,	the	index	as‐
sociated	with	expansion	of	agricultural	area	and	the	index	associated	
with	 increasing	 agricultural	 pollinator	 dependence,	 were	 weakly	

































































y = 0.26–0.138x, p < 0.001
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∆ dependence (%/yr)
y = 0.17+0.015x, p = 0.50
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Paraguay,	 Bolivia,	 and	 to	 a	 lesser	 extent	 Brazil	 and	 Uruguay,	 and	
Asian	countries	like	Malaysia,	and	to	a	lesser	extent	Indonesia,	were	
the	most	vulnerable	of	 all	 because	of	both	 fast	expansion	 in	 total	
agricultural	area	and	pollinator	dependence	that	were	mostly	asso‐
ciated	with	 negative	 rates	 in	 agricultural	 diversification	 (Figure	 5;	
Appendix	S2).
4  | DISCUSSION















4.1 | Agricultural expansion, pollinator 
dependence, and crop diversification
Although	 most	 regions	 and	 countries	 exhibited	 positive	 rates	 of	
agricultural	expansion	and	diversification	(Figures	2	and	4),	this	di‐
versification	 tended	 to	occur	at	 slower	 rates	 in	countries	 that	had	
undergone	 rapid	 expansion	 in	 agricultural	 area	 over	 the	 last	 five	
decades	(Figure	4).	Results	indicate	that	the	cultivation	of	new	com‐
mercial	 crops	 could	 be	 related	 to	 a	 process	 of	 agricultural	 expan‐
sion.	 However,	 crop	 evenness,	 the	most	 influential	 component	 of	
agricultural	 diversity,	 decreased	with	 agricultural	 expansion	at	 the	
country	 level,	 suggesting	 a	 trend	 toward	 increasing	 monoculture	
with	 increasing	 cultivated	 area	 (Figure	 4).	 This	 is	 clearly	 exempli‐
fied	by	large	North	and	South	American	countries	such	as	the	USA,	
Brazil,	 and	 Argentina,	 where	 the	 rapid	 expansion	 of	 moderately	
pollinator‐dependent	 oilseed	 crops	 like	 soybean	 (Aizen,	 Garibaldi,	




and	 biodiversity	 loss,	 so	 cultivation	 of	 this	 oilseed	 crop	 has	 come	









decrease	 in	 agricultural	 diversity	 at	 both	 landscape	 and	 country	
scales.	 Indeed,	 our	 vulnerability	 analysis	 identified	 these	 South	
American	and	Asian	countries	as	those	in	which	agricultural	produc‐
tivity	and	stability	could	be	most	at	risk,	because	growth	in	both	the	
F I G U R E  5  World	maps	of	agricultural	vulnerability	through	potential	pollination	shortfalls	calculated	as	the	difference	between	growth	
rates	in	agricultural	area	and	crop	diversity	(Δ	area	vulnerability	index)	and	between	growth	rates	in	agricultural	pollinator	dependence	and	
crop	diversity	(Δ	dependence	vulnerability	index)	for	127	countries	and	former	republics
Δ area vulnerability index
<–4 –3 –2 –1 0 1 2 3 >4
Δ dependence vulnerability index
<–4 –3 –2 –1 0 1 2 3 >4
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area	under	agriculture	and	pollinator	dependence	of	that	agriculture	
largely	outpaced	any	growth	in	agricultural	diversification	(Figure	5).








(e.g.,	 Egypt,	 Cameroon,	 NigeS2ria,	 Tanzania)	 were	 associated	with	









dependent	crops,	particularly	 fruit	 crops	 (Lautenbach	et	al.,	2012).	
These	examples	demonstrate	heterogeneous	regional	and	country‐









dependence,	 concomitant	with	 a	decrease	 in	 agricultural	 diversity	
(Figures	4	and	5).	This	is	the	case	for	several	South	American	coun‐
tries	mentioned	above,	which	suffered	high	 rates	of	deforestation	
for	 soybean	 expansion	 (Fehlenberg	 et	 al.,	 2017;	 Zak	 et	 al.,	 2008).	
Although	 there	 has	 been	 some	debate	 about	 the	 extent	 to	which	
pollinators	contribute	to	soybean	yield	(Giannini,	Cordeiro,	Freitas,	
Saraiva,	&	 Imperatriz‐Fonseca,	2015),	 some	 studies	have	 reported	
that	bees	can	increase	soybean	yield	up	to	~50%	(Chiari	et	al.,	2005;	
Milfont,	 Rocha,	 Lima,	&	 Freitas,	 2013;	 Zelaya,	 Chacoff,	 Aragón,	&	
Blendinger,	 2018).	 In	 this	 case,	 habitat	 loss	 along	 with	 increasing	
dominance	of	soybean	in	the	agricultural	landscape	might	jeopardize	
pollination	services	not	only	for	soybean	but	also	for	other	crops.
Habitat	 homogenization	 due	 to,	 for	 instance,	 monoculture	
expansion	 could	 be	 one	of	 the	most	 important	 drivers	 affecting	
bee	abundance	and	diversity	(Hendrickx	et	al.,	2007;	Kennedy	et	
al.,	2013;	Quintero,	Morales,	&	Aizen,	2009).	For	example,	several	
crop	 pollination	 studies	 from	Argentina	 report	 highly	 depauper‐
ate	pollinator	assemblages	completely	dominated	by	 (often	man‐
aged)	honeybees	(e.g.,	Chacoff	&	Aizen,	2005;	Geslin	et	al.,	2017;	
Sáez,	 Sabatino,	&	Aizen,	 2012).	High	 dependence	of	 a	 country's	
agriculture	on	a	single	crop,	particularly	one	that	is	pollinator	de‐
pendent,	 increases	 a	 country's	 economic	 and	 food	 security	 vul‐
nerability,	not	only	because	agricultural	 revenue	 is	more	subject	
to	variable	market	values	and	climatic	variability	but	also	because	
of	 the	 instability	 in	 temporal	yield	associated	with	pollinator	de‐
pendency	(Garibaldi,	Aizen,	et	al.,	2011).	In	fact,	yields	of	pollina‐




pollination	 deficits	 may	 increase	 (Garibaldi	 et	 al.,	 2014).	 Those	
countries	 with	 a	 diversified	 agricultural	 sector	 benefit	 not	 only	
from	the	economic	 stability	derived	 from	 lower	production	 fluc‐
tuations	(Liebman	&	Schulte,	2015)	but	also	from	the	maintenance	
of	 more	 robust	 pollinator	 assemblages,	 particularly	 when	 their	
agricultural	portfolio	includes	several	pollinator‐dependent	crops	
(Garibaldi	 et	 al.,	 2013,	 2014;	 Mandelik	 et	 al.,	 2016;	 Tscharntke	
et	al.,	2005).
A	key	caveat	of	 this	 study	 is	 that	our	 large‐scale	analyses	could	




&	 Veldtman,	 2012;	 Holzschuh,	 Dormann,	 Tscharntke,	 &	 Steffan‐
Dewenter,	 2011;	 Kremen	&	Miles,	 2012).	 Nevertheless,	 changes	 in	




rotation	 and	 intercropping	 that	 could	 enhance	 different	 ecosystem	
services,	 particularly	 pollination	 (reviewed	 in	Garibaldi	 et	 al.,	 2014).	
Alternatively,	 a	 country	 could	 have	 a	 diversifying	 agricultural	 trend	
driven	by	 increasing	 local	monocultures,	with	crops	differing	among	
areas	within	the	country.	Although	a	 local	 increase	 in	crop	diversity	
could	 be	 a	minor	 component	 of	 a	 country‐	 or	 regional‐level	 trend,	













Although	our	analysis	 reveals	a	weak	 increase	 in	global	agricultural	
diversity	over	recent	decades,	this	trend	has	not	kept	pace	with	the	
10  |     AIZEN Et Al.
marked	 increase	 in	 total	 cultivated	 area	 (Schmitz	 et	 al.,	 2014),	 or	
with	the	proportion	of	land	devoted	to	the	cultivation	of	pollinator‐
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